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EP 1770 851 A2
Description
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] Not applicable.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
[0002] Not applicable.
BACKGROUND OF THE INVENTION

[0003] The present invention relates to integrated gate bipolar transistor (IGBT) modules and more specifically to a
method and apparatus for predicting the junction temperatures of IGBTs in an IGBT module operating at a low frequency
or a DC condition.

[0004] Because of their advantageous operating characteristics (e.g., high switching speeds) IGBTs are used in many
different types of power conditioning modules including AC to DC converters, DC to AC inverters, AC-DC-AC converters,
etc. For example, in the case of a DC-AC inverter, six IGBTs are arranged to form an inverter bridge along with six diodes.
[0005] During switching operations IGBTs and diodes generate heat that has a magnitude related to the switching
frequency as well as the amount of current passing through the devices. When IGBT or diode junction temperature
exceeds a specific threshold temperature associated with a device type, the devices have been known to fail. In order
to reduce failure rate, IGBTs and diodes used in power conditioning modules are typically mounted to heat dissipating
devices such as air or liquid cooled heat sinks and are rated for specific current levels/switching frequencies.

[0006] Itis not possible to measure the temperature of a diode or IGBT junction directly and therefore device junction
temperature has to be estimated or predicted. To predict device junction temperature during switching operations, some
industry members have identified the thermal impedance associated with each device type and have mounted a tem-
perature sensor (e.g., a negative temperature coefficient sensor (NTC sensor)) to the device (e.g., to a device case as
opposed to atthe junction itself). Then, during device switching, the measured device temperature and thermal impedance
are used to calculate the power losses of the device and hence to predict the IGBT junction temperature. Hereinafter,
the method described above to predict junction temperature will be referred to as a conventional prediction method. This
method works well in cases where switching devices (e.g., IGBTS, diodes) are thermally isolated from other switching
devices (i.e., where devices are mounted on separate heat sinks or are separated by a substantial distance (e.g., three
device width dimensions) from other devices on the same sink).

[0007] To reduce the space required by the switching devices and diodes as well as the number of heat sinking
components, in many cases a single heat sink having a single mounting surface is provided where all of the IGBTs and
diodes that comprise a conditioning circuit are mounted to the single mounting surface. Unfortunately, when devices
are mounted in close formations on a single heat sink, the conventional prediction method described above has been
shown to be inaccurate. In the case of tightly packed devices on a single sink, because one device is extremely close
to other devices on the sink, heat form one device tends to heat up adjacent devices. While heat from one device tends
to increase the temperature of adjacent devices under all operating conditions, the neighbor heating effect is exacerbated
at low switching frequencies and when a conditioning circuit is operated under DC conditions. For instance, in at least
some experiments it has been observed that under DC conditions in a six-pack IGBT inverter module, a maximum
prediction error of nearly 30 degrees Celsius has occurred when using th conventional prediction method.

[0008] In order to avoid device failure due to the prediction error, one solution has been to rate conversion modules
(e.g., inverter, converters, etc.) at lower current and switching frequency levels (i.e., are de-rated) than the separate
switches used to configure the modules. While this solution substantially eliminates the failure problem, this solution is
relatively expensive as circuits including larger and more costly switching devices are required for specific current levels
and switching frequencies. In addition, because the switching devices are physically larger, the sinks for mounting the
devices are larger and the overall space required to accommodate the conversion modules is increased.

BRIEF SUMMARY OF THE INVENTION

[0009] It has been recognized that the accuracy of a junction temperature prediction algorithm can be increased
substantially by accounting for the effects of at least some inter-module switching device heating as well as the effects
of other ambient heating characteristics. Thus, the present invention includes methods and apparatus that relatively
accurately predict switching device junction temperature by accounting for at least a subset of heating characteristics
of adjacent devices and at least a subset of module impedances.

[0010] At least some inventive embodiments include a method for predicting junction device temperature of at least
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a first switching device in a power conversion module that includes the first switching device and at least a second
switching device, the method comprising the steps of identifying a cross thermal impedance value indicative of how the
temperature of the second switching device effects the first switching device temperature and using the cross thermal
impedance value to predict the temperature of the at least a first switching device.

[0011] Insome cases the module includes, in addition to the first and second devices, a plurality of additional switching
devices and wherein the method further includes the steps of identifying a cross thermal impedance for each of the
plurality of additional devices indicative of how the temperature of the additional device effects the first switching device
temperature and using all of the cross thermal impedance values to predict the temperature of the at least a first switching
device.

[0012] In some embodiments the cross thermal impedance between the second and first devices is a first impedance
value and the module includes, in addition to the first and second devices, at least a third switching device and wherein
the method further includes the steps of identifying a second cross thermal impedance that is indicative of how the
temperature of the third device effects the first device temperature where the first and second cross thermal impedance
values are different.

[0013] In some cases the method further includes the step of identifying a self thermal impedance value associated
with the first switching device, the step of using the cross thermal impedance including mathematically combining the
self thermal impedance and the cross coupling impedance to predict the first switching device temperature.

[0014] Insomeembodimentsthe method further includes the steps of providing atemperature sensor at least proximate
the module, identifying at least one coupling thermal impedance from the second switching device to the sensor and
generating a temperature value via the sensor, the step of using the cross thermal impedance including the step of
mathematically combining the cross coupling impedance, the at least one coupling thermal impedance to the sensor,
the temperature value generated by the sensor and the self impedance of the first switching device to predict junction
temperature of the first switching device. In some cases each of the switching devices are one of a diode and an IGBT.
[0015] Some embodiments include a method for predicting junction device temperature of at least a first switching
device in a power conversion module that includes a plurality of switching devices, the method comprising the steps of
during switching activity, identifying at least one operating characteristic of the first switching device and solving an
equation that uses the identified operating characteristic to predict the temperature of the first switching device where
the equation solved is a function of the location of the first switching device with respect to the other switching devices
in the plurality. In some cases the operating characteristic is the power loss of the first switching device.

[0016] In some cases the equation accounts for power losses of switching devices adjacent the first switching device
as well as cross thermal impedance between the adjacent devices and the first switching device and wherein the method
further includes the steps of identifying a cross thermal impedance between a switching device adjacent the first switching
device and the first switching device and, during switching activity, identifying the power losses of switching devices
adjacent the first switching device.

[0017] In some cases the switching devices adjacent the first switching device are neighboring devices and wherein
the equation accounts for power losses of switching devices adjacent the neighboring devices as well as cross thermal
impedance between the devices adjacent the neighboring devices and wherein the method further includes the steps
of identifying a cross thermal impedance between a switching device adjacent a neighboring switching device and the
first switching device and, during switching activity, identifying the power losses of switching devices adjacent the first
switching device.

[0018] Some embodiments include a method for predicting junction device temperatures of at least a subset of devices
in a power conversion module that includes a heat sink that forms a mounting surface, six IGBT devices and six diode
devicesthat are mounted to the mounting surface, the method comprising the steps of identifying cross thermal impedance
values indicative of the effect that temperature of adjacent devices have on each other, during switching activity, identifying
power losses of at least a subset of the devices and using the device power loss values and the cross thermal impedance
values to predict the temperatures of at least a subset of the module devices.

[0019] In some cases the step of identifying power losses includes identifying power losses of each of the module
devices and wherein the step of using the power loss values and the cross thermal impedance values includes using
the values to predict the temperatures of each of the module devices.

[0020] Insomeembodimentsthe method further includes the steps of providing atemperature sensor at least proximate
the module and sensing the temperature of the module via the sensor, the step of using the values to predict the
temperatures of at least a subset of the module devices including also using the sensed temperature value.

[0021] In some cases the method further includes the step of identifying thermal coupling impedances between the
sensor and at least a subset of the devices, the step of using the values to predict the temperatures of at least a subset
of the module devices also including using the thermal coupling impedances.

[0022] Insome cases the method further includes the step of identifying a self impedance value for each of the module
devices and, during switching activity, identifying power losses for each of the devices, the step of using the values to
predict the temperatures also including using the self impedance values and the power losses of each of the devices.
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[0023] Inaddition, some embodiments include an apparatus for use with a module that includes a plurality of electronic
switching devices, the apparatus for predicting the junction temperature of at least a first of the switching devices, the
apparatus comprising a processor that runs a program to perform the steps of identifying power loss of at least a second
of the switching devices using the power loss value of the at least a second switching device to predict the temperature
of the first switching device junction.

[0024] In some cases the apparatus further includes a database in which is stored a cross thermal impedance value
indicative of the thermal impedance between the first and second devices, the processor using the power loss value
and the cross thermal impedance to predict the temperature of the first switching device junction.

[0025] In some cases the database includes cross thermal impedance values for a sub-set of the devices in addition
to the second device that are indicative of the thermal impedance between each of the other devices and the first device,
the processor further identifying power loss values for each of the sub-set of devices and using all of the power loss
values and the cross thermal impedance values to predict the temperature of the first switching device junction.
[0026] These and other objects, advantages and aspects of the invention will become apparent from the following
description. In the description, reference is made to the accompanying drawings which form a part hereof, and in which
there is shown a preferred embodiment of the invention. Such embodiment does not necessarily represent the full scope
of the invention and reference is made therefore, to the claims herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0027] Fig. 1is a schematic view of a three phase inverter;

[0028] Fig. 2 is a perspective view of inverter IGBTs and diodes mounted to a mechanical heat sink;

[0029] Fig. 3 is a schematic diagram illustrating an equivalent circuit of the thermal impedance between a device
junction and a case layer for which manufacturers typically provide values;

[0030] Fig. 4 is a schematic diagram similar to Fig. 3, albeit illustrating an equivalent circuit that includes additional
components that account for self-impedance of devices;

[0031] Fig. 5is similar to Fig. 3, albeit illustrating an equivalent circuit representing coupling thermal impedance from
a neighbor device;

[0032] Fig. 6 is similar to Fig. 3, albeit illustrating an equivalent circuit representing coupling thermal impedance from
an inverter device to a NTC temperature sensor;

[0033] Fig. 7 is a graph illustrating experimental and curve fitted device temperatures for diode D3 in Fig. 2 when
diode D3 is powered;

[0034] Fig.8issimilarto Fig. 7, albeitillustrating curves corresponding to switch S4 in Fig. 2 when diode D4 is powered;
and

[0035] Fig. 9 is similar to Fig. 7, albeit illustrating curves corresponding to switch S3 when switch S4 is powered.

DETAILED DESCRIPTION OF THE INVENTION

Development of the Temperature Predicting Model

[0036] Referring now to the drawings wherein like reference numerals correspond to similar elements throughout the
several views and more specifically, referring to Fig. 1, the present invention will be described in the context of an
exemplary three phase DC to AC inverter type power conditioning module 10. Module 10 includes six IGBT switch
devices S1-S6 and six diodes (also generally referred to as switching devices) D1-D6, a separate diode linked to each
of the IGBTSs in inverse parallel relationship. The IGBT switches are linked in series pairs across positive and negative
DC buses and a central node of each pair is linked to a separate phase of a three phase load 12 (e.g., motor). As known
in the power conversion art, by switching the IGBTS, three phase voltage delivered to load 12 can be controlled.
[0037] Referring still to Fig. 1, current sensors 23 are linked to the motor supply lines for, as the label implies, sensing
line currents. An NTC temperature sensor 24 is mounted proximate at least one of the switching devices for measuring
a temperature proximate the devices. A processor 29 receives signals from the current sensor and NTC sensor 24 and
uses the received signals to predict temperatures of the inverter devices.

[0038] Referringto Fig. 2, a perspective view of a six-pack inverter module 14 is illustrated which includes a mechanical
heat sink 16, three mounting substrates 18, 20 and 22, IGBTs S1-S6, diodes D1-D6 and the NTC temperature sensor
24. The sink includes a flat mounting surface 26. IGBT pairs and associated diodes are each mounted via a separate
one of the substrates to the mounting surface 26. For example, IGBTs S1 and S2 and associated diodes D1 and D2
are mounted to surface 26 with substrate 18 between the devices S1, S2, D1 and D2 and the sink mounting surface 26,
devices S3, S4, D3 and D4 are mounted to surface 26 with substrate 20 between the devices and surface 26, and so
on. As illustrated, substrates 18, 20 and 22 are arranged in a single row so that substrate 20 is between substrates 18
and 22. NTC sensor 24 is located inside a corner of module 14. Although not illustrated, one or more fan modules may



10

15

20

25

30

35

40

45

50

55

EP 1770 851 A2

be provided adjacent the rear sink surface that forms fins to facilitate sink cooling activity.

[0039] In order to accurately predict the temperature of each module device, the effects of various heat sources on
device temperature have to be accounted for. The following discussion develops equations for taking into account all of
the heat sources that affect device temperature during switching activity.

[0040] The thermal impedance between a device junction and a device case for each IGBT or diode can be physically
represented by four parallel RC sub-circuits which, unless indicated otherwise, will be referred to as "layers" hereinafter.
The four layers can be arranged in series as illustrated in Fig. 3 to transform the physical representation to a mathematical
representation. Note that after the transformation as shown in Fig. 3, the "layers" of the sub-circuit become meaningless.
In Fig. 3, the thermal resistance and time constant values corresponding to the R and C components are typically provided
by device manufacturers. Exemplary thermal resistances and time constants for each of the four layers are shown in
table 1 that correspond to a EUPEC FS150R12KE3 power conversion module.

Table 1
Layers 1 2 3 4
Rk 0.14283 | 0.17143 0.01931 0.00341
tak 0.06499 | 0.02601 | 0.002364 | 1.187e-5
Rix 0.07559 | 0.09061 | 0.01039 0.00341
t 0.06499 | 0.02601 | 0.002364 | 1.187e-5

[0041] From Fig. 3, the following mathematical equations can be formulated to express the thermal impedance asso-
ciated with a single device in a power conversion module:

21, =Ry //ICy +R, /I Ciy +R 3 //Cs + R, 1/ Cy, Eq. 1

ZD;, =R //Cyy + Ry, //Cyy + R g3 I Cy3 + Ry 11 Cy Eq. 2

where Zl;; and ZD;; are the junction to case thermal impedance of an IGBT device and a diode device respectively, Ry,
and C are the thermal resistance and capacitance of the ky, layer of each IGBT device, respectively, and Ry, and Cy,
are thermal resistance and capacitance of the ky, layer of each diode device, respectively.

[0042] Since the IGBT and diode devices are directly mounted on an air cooled heat-sink in the present example, the
temperature increase of the case should be considered when predicting the temperature of each device. Referring to
Fig. 4, it has been recognized through experiment that the thermal impedance between the interface plane of the case
and the ambient can be physically approximated by two additional R-C sub-circuits or layers. A sink layer RC sub-circuit
including R 5 and C_5 represents a temperature increase in thermal grease associated with the device to sink interface
planes and the aluminum of the heat sink. An ambient layer RC sub-circuit including R g and C 4 represents the tem-
perature increase between the interface plane of the heat sink and the plane of the ambient (i.e., between the sink and
the air beneath the sink. Thus, a more complete self thermal impedance of the IGBT and diode devices mounted on a
sink can be mathematically represented by the circuit shown in Fig. 4 and the self impedance ZII; between the iy, IGBT
from the junction to the ambient and the self thermal impedance ZDD;; of the iy, diode from the junction to the ambient
can be expressed by the two following equations:

ZIL, = Z1, + Z1; + Z1, Eq. 3

ZDD; = ZD,, + ZDDy; + ZDDy Eq. 4

where Zli and ZDjc are the thermal impedances between the junction and case layer for each IGBT and diode individually
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(see Equations 1 and 2 above), Zlls; and ZDDg; are the thermal impedances of the sink layer for the iy, IGBT and iy,
diode, respectively, and Zllg; and ZDDg; are the impedances of the ambient layer (i.e., the subscripts "5" and "6"
correspond to the 5th and 6th RC layers in Fig. 4).

[0043] The IGBT and diode devices in a power conversion module are mounted to the sink in very close proximity to
each other and therefore thermal coupling between devices must be considered to accurately predict device temperature.
Through experimentation it has been recognized that the coupling thermal impedance between IGBT and diode devices
on a sink can be physically approximated by two additional layers represented by parallel RC sub-circuits. One is the
sink layer which represents the temperature increase from case to sink across the thermal grease and from grease to
ambient across the heat sink. The other is the ambient layer that represents the temperature increase of the air beneath
the heat sink. Thus, the coupling thermal impedance between an IGBT or diode device and a neighboring device can
be mathematically represented as illustrated in Fig. 5 including series RC sub-circuits including R ; and C 4 and R,
and C,. The coupling ZIl;; impedance from the iy, IGBT to the j, IGBT and the impedance ZIDj; from the iy, IGBT to the
it diode device can be expressed by the following equations:

ZI, = ZUg, + 211, Eq. 5

ZID; = ZIDg; + ZIDg, Eq. 6

5ij

where, Zllg; and ZIDg; are the coupling thermal impedances from the iy, IGBT to the ji, IGBT and the ji, diodes at the
sink layer, respectively, and Zllg; and ZIDg; are the coupling thermal impedances from the iy, IGBT to the ji, IGBT and
the j;, diodes at the ambient layer, respectively. Generally, the coupling thermal impedance between two chips decreases
when their distance increases.

[0044] Similarly, the coupling thermal impedance from the iy, diode to the other module devices can also be expressed
by the following equations

ZDI, = ZDI; + ZDl; Eq. 7

sij

ZDD; = ZIDy; + ZID; Eq. 8

5ij

where, ZDI;; and ZDD;; are the coupling thermal impedances from the iy, diode to the j;, IGBT and j;, diode, respectively,
ZDI5;; and ZDD5;; are the coupling thermal impedances from the iy, diode to the ji, IGBT and j;, diodes at the sink layer,
respectively, and, ZDI6;; and ZDDg;; are the coupling thermal impedances from the iy, IGBT to the ji, IGBT and the jy,
diodes at the ambient layer, respectively.

[0045] When multiple IGBTs and diodes are operated on a single module, the total temperature increase of one device
between its junction to ambient that is attributable to the other devices is the sum of the contributions from all module
IGBTSs and diodes as shown in the following equations:

6 6
TI, = ZZHSki P, + ZZDIGki ‘PD; + T, Eq. 9
i=1 i=1
6 6
TD, = ZZ]D5ki -PI + ZZDD6ki -PD. +T, Eq. 10
i=1 =l
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where, Tl is the junction temperature of the kg, IGBT, TD, is the junction temperature of the ky, diode, PI, is the power
loss of the ky, IGBT, PD, is the power loss of the ky, diode and T,,,, is the ambient temperature.

[0046] The IGBT and diode temperatures are generally predicted using a temperature value identified by the NTC
sensor 24 (see Fig. 2). Unfortunately, as illustrated in Fig. 2, the NTC sensor is separated from the device junctions and
thus thermal impedance exists between the junctions and the NTC sensor such that the sensor generated value does
not accurately reflect the junction temperature. For this reason, the influence of the thermal impedance between the
device junctions and the NTC sensor should be accounted to accurately predict junction temperature. Using a method
similar to the method described above, the NTC temperature can be predicted by knowing device losses and the distance
of the devices to the NTC sensor. A two layer RC circuit that represents the coupling thermal impedance from the IGBT
and diode devices mounted on a sink to the NTC sensor is shown in Fig. 6 where the sink and ambient layer impedances
are represented by series RC sub-circuits including R, ;and C, sas wellas R , and C 4. The coupling thermal impedances
ZIN; and ZDN, of the iy, IGBT and the iy, diode to the NTC sensor, respectively, can be expressed by the following two
equations:

ZIN, = ZIN,, + ZIN, Eq. 11

ZDN, = ZDNj, + ZDN, Eq. 12

where ZINg; and ZINg; are the coupling thermal impedance from the iy, IGBT to the NTC sensor at sink and ambient
layers and ZDNg; and ZDNg; are the coupling thermal impedance from the i, diode to the NTC sensor at sink layers and
ambient layers, respectively.

[0047] The total temperature increase T, of an NTC can be expressed as.

6 6
T, =Y ZIN,;-PL, +ZZIN6i -PD, +T,.,, Eq. 13
i=l i=

[0048] Combining Equations 3 through 13, the following equations can be formulated for directly calculating IGBT and
diode temperature estimates using a thermal impedance matrix and known device power losses:

TI=ZI1-PI+ZDI-PD+Tamb Eq. 14

TD=ZDI-PI+ZDD-PD + Tamb Eq. 15

where:

TI=[TIy T, ... Tlg]" is an IGBT temperature vector,

TD=[TD; TD, ... TDg]" is a diode temperature vector,

PI=[PI; Pl,... Pl¢]T is an IGBT power losses vector,

PD=[PD, PD, ... PDg]" is a diode power losses vector, and
Tamb=[Tamb1: Tamb2--- Tambsl | iS @an ambient temperature vector.

[0049] In Equations 14 and 15, ZIl, ZDI, ZID, and ZDD are each 6x6 matrices that represent the coupling thermal
impedance matrix from the IGBTSs to the IGBTSs, from the IGBTS to the diodes, from the diodes to IGBTs and from the
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diodes to the diodes, respectively. The 6x6 matrices can be expressed in the following form:

Zu,  ZI1, 710, ZDl,, ZDI, ZDI,,
| P 2l e ZIL zpp | 2Pl ZPLy .. ZDL
1, 7, ZIl,, ZDI,, ZDI, ZDI,,
ZID,, ZID,, .. ZID, ZDD,, ZDD,, .. ZDD,
zip-| 7P ZDn - ZIDy | oo _|ZDDy ZDDy, .. ZDDy,
ZID,, ZID,, .. ZID, ZDD,, ZDD,, .. ZDD
where ZIl;, ZDIy, ZIDy, and ZDD;; are the impedances discussed above.

[0050] It should be appreciated that Equations 14 and 15 are relatively complex and would be somewhat burdensome
to solve using a standard drive microprocessor. For this reason, hereafter, several assumptions are made that enable
simplification of Equations 14 and 15. To this end, based on the locations of the IGBTs and diodes as shown in Fig. 2,
several assumptions and approximations can be made to simplify the equations. First, the coupling impedance and the
self thermal impedance in the ambient layers are equal such that:

21l =ZDI; = ZIDg; =ZDDg; =ZINy; =ZDNy; =7, Eq. 16

[0051] Second, at the sink layer, the coupling impedances associated with neighboring or adjacent devices that are
an identical or similar distance away from one device should be approximately equal or at least similar enough that the
differences between these coupling impedances are trivial and can be neglected such that:

Zls; |, y,= ZDDygy) = ZDg; |, = ZDI}_, =2, Eq. 17

Zlg; | 4= ZDDg | 1, =ZIDg; | o ,=ZDI} =7, Eq. 18

where Z; corresponds to devices that are one device away (i.e., that are adjacent) from a specific device for which
junction temperature is being predicted and Z, corresponds to devices that are two devices away from the specific device
for which junction temperature is being predicted.

[0052] Third, atthe sink layer, the couplingimpedances between devices that are separated by relatively large distances
can be neglected. For example, while adjacent devices and devices that are one or two device dimensions (i.e., one or
two device widths) away from a first device may effect the temperature of the first device, devices that are three or more
device dimensions away from the first device will only have a negligible effect on the temperature of the first device and
thus the effect can be ignored without significantly effecting the final temperature prediction. Here, for instance, where
the effects of devices that are more than two devices away from a device for which the junction temperature is being
predicted are ignored, the relationships represented by the following equation will be substantially accurate:
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Zllg; ||i—j>2= ZDI; ||i— = ZIDsij ||i—j>2= ZDDSij ||i_,~|>2= 0 ZINg |,,=ZDNg; |;,,=0 Eq. 19

2

[0053] Combining Equations 14 and 16 through 19, the following IGBT temperature vector equation can be formed:

TI=[(Zl, +Z,.)I, + Z]P1+[ZDI, -1, + Z]PD +P-Zamb- A + Tamb Eq. 20

where:
lg is the 6-by-6 identity matrix,
P is the total losses of all IGBTs and diodes,

A=[11 .. 1]Tis a 6-by-1 vector, and
Z is a coupling thermal impedance matrix that has the form:

[0054] Similarly, Equations 15 through 19 can be combined to yield the following diode temperature vector equation:

TD =[(ZD, + ZD  )I; + Z]PT +[ZID I + Z]PD +PZamb- A + Tamb Eq. 21

[0055] Equations 13 and 16 through 19 can be combined to simplify the NTC temperature equation as follows:

3 3
Tye = O, ZINGPL + Y ZDNPD; + PZamb- A+ T, , Eq. 22
i=1 i=l

[0056] Upon examining equations 20 - 22, it should be recognized that the thermal impedance in the ambient layer
will be cancelled when predicting the IGBT and diode temperatures using the NTC sensor value. However, the coupling
thermal impedance of the sink layer cannot be neglected.

[0057] Equations 20 and 22 can be combined to yield the following equation for predicting the IGBT junction temper-
atures from the NTC sensor temperature value and power losses:

3 3
TI-Ty A =[(Zly + Z, )1, + ZIP1+[ZDl, -1, +ZIPD— (3. ZINPL, + Y ZDN,PD))-A  EQ-23
i=1 =1

[0058] Similarly, equations 20 and 21 can be combined to yield the following equation for predicting the diode junction
temperatures from the NTC sensor temperature value and the power losses:
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3 3
TD - T, A = [(ZD, + ZD,)I, + Z]PI +[ZID,I, + ZIPD - (3 ZIN,PL, + > ZDN;PD,)-A  EqQ. 24
i=] i=1

[0059] As seen in Equations 23 and 24, the ambient layer impedance and the ambient temperature from Equations
21 and 22 both cancel when Equations 23 and 24 are formulated.

[0060] The thermal impedances in Equation 23 and 24 can be directly calculated by applying pulsed current through
each IGBT and each diode device on the module. For example, each IGBT and diode device may be injected with a
100A, 250 second current pulse and the temperature of the device during the pulse can be directly measured and
recorded. The corresponding thermal impedances can then be calculated by a curve fitting program (e.g., a program
built up using Matlab which is owned by MathWorks, Inc., or some similar type of software).

[0061] Referring again to Fig. 2 and also to Fig. 7, the data plotted in Fig. 7 shows the experimental result of the real
temperature and the curve fitted temperature of third diode D3 when the third diode is powered. Fig. 8 shows the
experimental result of the real temperature and the curve fitted temperature of fourth IGBT S4 when the fourth diode D4
is powered. In Fig. 8 it can be seen that the temperature of diode D4 clearly effects the temperature of adjacent IGBT
S4. Fig. 9 shows the experimental result of the real temperature and the curve fitted temperature of third IGBT S3 when
the fourth IGBT S4 is powered. In Fig. 9 it can be seen that the temperature of IGBT S4 clearly effects the temperature
of adjacent IGBT S3.

[0062] In the curve fitting program used to generate the fitted curves in Figs. 7 through 9, a two layer model was used
to approximate the coupling and self thermal impedance of each device. Examining Figs. 7 through 9 the effectiveness
of the two layer thermal impedance model is clearly verified.

[0063] Exemplary coupling impedance values determined using the curve fitting software and Equations 23 and 24
are listed in tables 2, 3 and 4 with the thermal impedance values of the sink layer shown in Table 2, the coupling thermal
impedance of the ambient layer shown in Table 3 and the coupling thermal impedance values from the IGBTs and diodes
to the NTC sensor shown in table 4.

Table 2
Zlg ZD, | zDI, z, z,
R(k/w) | 0.1308 | 0.15 | 0.0885 | 0.047 | 0.02
t(s) 1.5 22 |15 1.5 2
Table 3
Distance | Zl, ZDg Z, Z, Zy Z,
R(k/w) 0.055 | 0.055 | 0.055 | 0.05 | 0.036 | 0.032
t(s) 46 46 60 60 80 80
Table 4
Sink Layer | ZDNg; | ZDNg, | ZDNgg | ZINg; | ZINg, | ZINgg
R(k/w) 0.084 | 0.054 | 0.017 | 0.033 | 0.038 | 0.005
t(s) 1.45 2.17 10 354 | 385 | 200

[0064] Using tables 1, 2 and 3, the self thermal resistance of the IGBTs can be calculated by adding the four IGBT
related resistances in Table 1 and the resistances associated with the Zl, sink and ambient layers in Tables 2 and 3 to,
in the present example, yield the following value:
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R, =0.3657 k/w Eq. 25

[0065] Similarly, referring again to Tables 1, 2 and 3, the self thermal resistance of the diode devices can be calculated
by adding the four diode related resistances in Table 1 and the resistances associated with the ZD, sink and ambient
layers in Tables 2 and 3 to, in the present example, yield the following value:

Rop=0.545 k/w Eq. 26

[0066] Comparing the values expressed in Equations 25 and 26 to the coupling thermal impedance values (e.g., Z;,
Z,, Z3, etc.) shown in tables 2 and 3, the following conclusions can be made. First, in the sink layer, the coupling thermal
impedances Z;, Z,, between neighbor chips are much smaller than the self impedance and therefore impedance values
Z,, Z, can have at least some error without significantly effecting temperature prediction accuracy. Second, the coupling
thermal impedance in the ambient layer (see Table 3) is trivial when compared to the self impedance and therefore a
uniform thermal impedance can be assumed without significantly effecting temperature prediction accuracy. These
assumptions are consistent with an understanding that Equations 23 and 24 above are relatively accurate.

Results

[0067] Thetemperature prediction Equations 23 and 24 have been used to predict the junction temperatures of module
devices where the devices have been operated under DC conditions. During testing, four models were investigated and
compared with each other so that the accuracy of Equations 23 and 24 could be ascertained.

[0068] The first model is called "R;. model" in which a uniform case temperature was assumed. In this case the NTC
temperature is assumed to be equal to the case layer.

[0069] The second model is referred to as the "No neighbor" model because, as the label implies, the model did not
account for the thermal coupling between neighboring or adjacent IGBTs and diodes. Thus, in this case, it was assumed
that Z, and Z, each were equal to zero in the temperature prediction equations above (i.e., in equations 23 and 24 and
the Z matrix as shown in Equation 20). However, in this second model, the thermal impedances of the devices themselves
(e.q., Zlly, ZDDy) were considered.

[0070] The third model is referred to as the "one neighbor" model because the model includes equations that consider
the coupling thermal impedance between the devices that are closest or immediately adjacent a specific device for which
the junctiontemperature is being predicted. Here, the coupling thermal impedance is neglected when a device is separated
from a device for which the temperature is being predicted by at least one other device. Thus, in the third model Z, was
set equal to zero in Equations 20, 23 and 24.

[0071] The fourth model is referred to as the "two neighbor" model because the model includes equations that consider
the coupling thermal impedance between devices immediately adjacent a device for which temperature is being predicted
as well as devices that are adjacent the immediately adjacent devices (i.e., devices that are no more than two devices
away from the device for which temperature is being predicted. Here, the coupling thermal impedance is neglected when
a device is separated from a device for which the temperature is being predicted by at least two other device.

[0072] During testing, an inverter module akin to module 14 illustrated in Fig. 2 was operated under the following
conditions:

DC bus voltage: 300V
Switching frequency: 2kHz ~ 10kHz
Load currentamplitude:  20A ~ 100A
Load current angle: 0° ~ 330°
Ambient temperature: 22°C

[0073] The maximum temperature increase of the hottest device during testing was approximately 110°C.

[0074] Table 5 shows the maximum and minimum temperature prediction errors Max(Tg,,) and Min(T,,), respectively,
for all IGBTs and diodes for each of the four models. In Table 5, Terr is defined as the predicted junction minus the
tested temperature and is positive when the predicted temperature is higher than the tested result. To increase accuracy
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of the power losses calculation, the voltage drops of the IGBTs and diodes were calculated in detail by considering the
influence of the junction temperature. The resulting temperature errors are shown in Table 5. In addition, the maximum
voltage drops were also calculated using a worst case 125° Celsius V/I curve and neglecting the junction temperature
influence on the voltage drops. The resulting maximum temperature error values when the 125° Celsius curves were
assumed are not shown here but it is noted that the maximum values were almost identical to those shown in table 5
where the junction temperature effect was considered. Thus, it can be concluded that the 125° Celsius curves can be
used without appreciably effecting prediction accuracy.

Table 5
Terr Rjc model | No neighbor | One neighbor | Two neighbor
Max(Tey) | 20.9 10.4 10.1 10.2
Min(Te,) | -32.1 -18.2 -8.5 -7.9

[0075] From table 5 it can be seen that the R;. model results in a large maximum temperature prediction error (30°C).
Thus, it is not possible to predict the junction temperature accurately by assuming a uniform case temperature and NTC
temperature under DC condition.

[0076] The "one neighbor model" is the simplest model that yields relatively accurate results and that the "two neighbor
model" is not significantly more accurate than the one neighbor model.

[0077] There are still around +=10°C maximum temperature prediction errors after accounting for the thermal interface
between neighboring devices. These errors are mostly generated by fluctuations of the voltage forward drop, switching
losses, current/voltage measurement, non-ideal geometry of different chips and thermal resistance.

[0078] Referring again to Tables 2, 3 and 4, after values required to solve Equations 23 and 24 have been determined
via Mathlab or some other similar product, the values can be used in Equations 23 and 24 during normal operation of
the associated module 14 (see again Fig. 2) to predict device temperatures.

[0079] Itshould be appreciated that a thermal model has been developed for a six-pack insulated gate bipolar transistor
(IGBT) power module operating as a three phase voltage source inverter. With this method, two more thermal layers
are added to the system to predict the chip temperatures from the NTC sensor value. The inventive model increases
the temperature prediction accuracy when the inverter operates at zero or low output frequency. The model is not
complicated and can be easily integrated into a micro-controller programs for dynamic temperature prediction.

[0080] One ormore specific embodiments of the presentinvention have been described above. It should be appreciated
that in the development of any such actual implementation, as in any engineering or design project, numerous imple-
mentation-specific decisions must be made to achieve the developers’ specific goals, such as compliance with system-
related and business related constraints, which may vary from one implementation to another. Moreover, it should be
appreciated that such a development effort might be complex and time consuming, but would nevertheless be a routine
undertaking of design, fabrication, and manufacture for those of ordinary skill having the benefit of this disclosure.
[0081] Thus, the invention is to cover all modifications, equivalents, and alternatives falling within the spirit and scope
of the invention as defined by the following appended claims. For example, while useful algorithms are described above
wherein the thermal coupling between adjacent and one removed devices is used to predict the junction temperature
of a specific device, in some cases other algorithms may be used that account for thermal coupling between other module
devices or indeed all module devices mounted to the same sink member.

[0082] In addition, while the invention is described above in the context of a six-pak module, it should be appreciated
that the invention is useful in the context of other modules such as four-paks, twelve-paks, eighteen paks and so on.
[0083] Moreover, while the invention is described above in the context of a module that includes IGBTSs, the invention
is applicable to other modules that include other device types such as, for instance, MOSFETSs, IGCTs, etc.

[0084] Furthermore, while the NTC is described above as being located on the module case, in at least some embod-
iments the NTC may be located elsewhere and still very close to the module and satisfactory results will still occur.
[0085] At this point it should be appreciated that the circuits illustrated in Figs. 3-6 do not represent exact system
impedances but rather are predictive in nature. Similarly, the equations based on Figs. 3-6 and modified above based
on various assumptions are not precise and instead are predictive in nature.

[0086] In summary the invention discloses a method and apparatus for predicting junction device temperature of at
least a first switching device in a power conversion module that includes the first switching device and at least a second
switching device, the method comprising the steps of identifying a cross thermal impedance value indicative of how the
temperature of the second switching device effects the first switching device temperature an using the cross thermal
impedance value to predict the temperature of the at least a first switching device.

[0087] To apprise the public of the scope of this invention, the following claims are made:
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Claims

10.

A method for predicting junction device temperature of at least a first switching device (S1) in a power conversion
module (14) that includes the first switching device (S1) and at least a second switching device (S2), the method
comprising the steps of:

identifying a cross thermal impedance value (RL1, RL2, CL1, CL2) indicative of how the temperature of the
second switching device effects the first switching device temperature; and
using the cross thermal impedance value to predict the temperature of the at least a first switching device.

The method of claim 1 wherein the module includes, in addition to the first and second devices (S1, S2), a plurality
of additional switching devices (S3, S4, S5, S6) and wherein the method further includes the steps of identifying a
cross thermal impedance for each of the plurality of additional devices indicative of how the temperature of the
additional device effects the first switching device temperature and using all of the cross thermal impedance values
to predict the temperature of the at least a first switching device.

The method of claim 1 or 2 wherein the cross thermal impedance between the second and first devices (S1, S2) is
a firstimpedance value and the module includes, in addition to the first and second devices, at least a third switching
device and wherein the method further includes the steps of identifying a second cross thermal impedance that is
indicative of how the temperature of the third device (S3) effects the first device temperature where the first and
second cross thermal impedance values are different.

The method of claim 1, 2 or 3 further including the step of identifying a self thermal impedance value associated
with the first switching device (S1), the step of using the cross thermal impedance including mathematically combining
the self thermal impedance and the cross coupling impedance to predict the first switching device temperature.

The method of claim 4 further including the steps of providing a temperature sensor (24) at least proximate the
module (14), identifying at least one coupling thermal impedance (RL4, RL5, CL4, CL5) from the second switching
device (S2) to the sensor (24) and generating a temperature value via the sensor, the step of using the cross thermal
impedance including the step of mathematically combining the cross coupling impedance, the at least one coupling
thermal impedance to the sensor, the temperature value generated by the sensor and the self impedance of the
first switching device to predict junction temperature of the first switching device.

The method of one of claims 1 to 5 wherein each of the switching devices are one of a diode (D1, D2, etc) and an
IGBT (S1, S2, etc).

A method for predicting junction device temperature of at least a first switching device (S1) in a power conversion
module (14)thatincludes a plurality of switching devices (S1, S2, S3, D1, D2, etc), the method comprising the steps of:

during switching activity, identifying at least one operating characteristic of the first switching device (S1); and
solving an equation that uses the identified operating characteristic to predict the temperature of the first switching
device (S1) where the equation solved is a function of the location of the first switching device (S1) with respect
to the other switching devices (S2, S3, etc.) in the plurality.

The method of claim 7 wherein the operating characteristic is the power loss of the first switching device (S1).

The method of claim 8 wherein the equation accounts for power losses of switching devices (S2, D1, D2) adjacent
the first switching device (S1) as well as cross thermal impedance between the adjacent devices and the first
switching device and wherein the method further includes the steps of identifying a cross thermal impedance between
a switching device (S2) adjacent the first switching device (S1) and the first switching device and, during switching
activity, identifying the power losses of switching devices adjacent the first switching device (S1).

The method of claim 9 wherein the switching devices (S1, D1) adjacent the first switching device (S1) are neighboring
devices and wherein the equation accounts for power losses of switching devices (D2, D3) adjacent the neighboring
devices (S2) as well as cross thermal impedance between the devices adjacent the neighboring devices and wherein
the method further includes the steps of identifying a cross thermal impedance between a switching device (S3)
adjacent a neighboring switching device (S2) and the first switching device (S1) and, during switching activity,
identifying the power losses of switching devices adjacent the first switching device (S1).
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A method for predicting junction device temperatures of at least a subset of devices (S1, S2) in a power conversion
module (14) that includes a heat sink that forms a mounting surface, six IGBT devices (S1, S2, S3, S4, S5, S6) and
six diode devices (D1, D2, D3, D4, D5, D6) that are mounted to the mounting surface (26), the method comprising
the steps of:

identifying cross thermal impedance values indicative of the effect that temperature of adjacent devices (S1,
S2, D1, D2, etc.) have on each other;

during switching activity, identifying power losses of at least a subset of the devices; and

using the device power loss values and the cross thermal impedance values to predict the temperatures of at
least a subset of the module devices.

The method of claim 11 wherein the step of identifying power losses includes identifying power losses of each of
the module devices (S1, S2, D1, D2, etc.) and wherein the step of using the power loss values and the cross thermal
impedance values includes using the values to predict the temperatures of each of the module devices.

The method of claim 12 further including the steps of providing a temperature sensor (24) at least proximate the
module (14) and sensing the temperature of the module (14) via the sensor (24), the step of using the values to
predict the temperatures of atleast a subset of the module devices including also using the sensed temperature value.

The method of claim 13 further including the step of identifying thermal coupling impedances (RL4, FL5, CL4, CL5)
between the sensor and at least a subset of the devices, the step of using the values to predict the temperatures
of at least a subset of the module devices also including using the thermal coupling impedances.

The method of claim 14 further including the step of identifying a self impedance value for each of the module devices
and, during switching activity, identifying power losses for each of the devices (S1, S2, D1, D2, etc.), the step of
using the values to predict the temperatures also including using the self impedance values and the power losses
of each of the devices.

The method of claim 15 wherein the step of predicting the IGBT junction temperatures includes the step of solving
the following matrix equation:

3 3
TI-T, A =[(Z1, + Z,)I; + ZIP1+[ZD], -1+ ZIPD - (3" ZIN,PL, + Y ZDN,PD,)-A
i=1 i=1

where:

TI=[TI; Tl, ... TIg]T is an IGBT temperature vector;

PI=[PI; PI,... Plg]T is an IGBT power losses vector;

PD=[PD, PD, ... PD¢]" is a diode power losses vector;

Thie is the temperature value generated by the sensor proximate the module;
A=[11..1]Tis a6-by-1 vector;

Z; is the thermal impedance from a device junction to the case;

Zl, is the self thermal impedance of each IGBT to itself;

ZDl, is the cross thermal impedance from the IGBTs to the diodes;

ZINg; is the coupling thermal impedance from the ith IGBT to the sensor;
ZDNg; is the coupling thermal impedance from the ith diode to the sensor;
Pl; is the ith IGBT power loss;

PD; is the ith diode power loss;

lg is the 6-by-6 identity matrix; and

Z is a coupling thermal impedance matrix.

The method of claim 16 wherein the impedance matrix Z has the form:
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where Z, is the cross thermal impedance between adjacent devices (e.g., S1, S2) and Z, is the cross thermal
impedance between a first device (e.g., S1) separated from a second device (e.g., S3)by a third device(e.g., S2).

The method of claim 16 or 17 wherein the step of predicting the diode junction temperatures includes the step of
solving the following matrix equation:

3 3
TD-T,, A =[(ZD, + ZD,)I, + ZJPI+[ZID I, + Z]PD - () ZIN,PI, + ) ZDNPD,)- A
i=1 i=l

where:

TD=[TD, TD, ... TD¢]" is a diode temperature vector,

PI=[PI; PI, ... Plg]T is an IGBT power losses vector;

PD=[PD; PD, ... PD¢]" is a diode power losses vector;

Thic is the temperature value generated by the sensor proximate the module;
A=[11..1]Tis a 6-by-1 vector;

Z; is the thermal impedance from a device junction to the case;

ZDy is the self thermal impedance of each diode to itself;

ZID,, is the cross thermal impedance from the diodes to the IGBTS;

ZINg; is the coupling thermal impedance from the ith IGBT to the sensor;
ZDNg, is the coupling thermal impedance from the ith diode to the sensor;
Pl; is the ith IGBT power loss;

PD; is the ith diode power loss;

lg is the 6-by-6 identity matrix; and

Z is a coupling thermal impedance matrix.

The method of claim 18 wherein the impedance matrix Z has the form:

0 2z 2Z, 0 0 O©
Z, 0 Z Z, 0 O

where Z, is the cross thermal impedance between adjacent devices (e.g., S1 and S2) and Z, is the cross thermal
impedance between a first device (e.g., S1) separated from a second device (e.g., S3) by a third device (e.g., S2).

An apparatus for use with a module (14) that includes a plurality of electronic switching devices (S1, S2, D1, D2,
etc.), the apparatus for predicting the junction temperature of at least a first of the switching devices, the apparatus
comprising:
a processor (29) that runs a program to perform the steps of:
identifying power loss of at least a second of the switching devices (S2);

using the power loss value of the at least a second switching device to predict the temperature of the first
switching device (S1) junction.
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The apparatus of claim 20 further including a database in which is stored a cross thermal impedance value indicative
of the thermal impedance between the first and second devices, the processor (29) using the power loss value and
the cross thermal impedance to predict the temperature of the first switching device (S1) junction .

The apparatus of claim 21 wherein the database includes cross thermal impedance values for a sub-set of the
devices in addition to the second device (S1) that are indicative of the thermal impedance between each of the other
devices and the first device (S1), the processor (29) further identifying power loss values for each of the sub-set of
devices and using all of the power loss values and the cross thermal impedance values to predict the temperature
of the first switching device (S1) junction.
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